In order to study the characteristics of species composition, richness and aboveground biomass of natural grasslands, and then find out the relations between species richness and aboveground productivity of the communities and possible mechanisms 
INTRODUCTION
The relations between plant community structure and function are one of the core areas in biological diversity research (Loreau 2000; Worm and Duffy 2003) . Ecosystem productivity is the most important factor of ecosystem functions, and plant community productivity is the foundation of ecosystem productivity (terHorst and Munguia 2008; Malhi et al. 2011) . Therefore, to study the relations between composition and productivity of plant community function groups is of important significance to clarify the effects of plant community productivity on ecological system structures (Whittaker 2010; Zhao et al. 2010) .
To reveal the effect of community productivities on biodiversities is important to our understanding of those mechanisms which maintain biological diversities (Mittelbach et al. 2001) . The relations between species richness and productivity have been a long-term intense debate (Waide et al. 1999; Schmid 2002; terHorst and Munguia 2008; Whittaker 2010; Jelinski et al. 2011; Fowler et al. 2012) . Field observations show that the main relations between species diversity and productivity are unimodal, linear, U-shaped and unrelated (Mittelbach et al. 2001; Wang et al. 2010; Fowler et al. 2012) . Therefore, so far, experimental research on the relations still cannot come to a consensus (terHorst and Munguia 2008; Jelinski et al. 2011) . This is probably attributed to diverse study areas and sizes, vegetation succession sequence or recovery of time. It is likely that different community types have different relations between biological diversity and productivity. As a result, research involving a wide range of areas is needed to further explain the relational patterns of different vegetation types and the mechanisms that form relational patterns.
Because of the special geographical and climate characteristics and unreasonable human activities (excessive and random lumbering, destroying forest or burning vegetation for land reclamation and over-grazing, etc.), the Loess Plateau is one of the areas in the world suffering severe soil and water losses (Liu et al. 2007) . Grassland vegetation can effectively control soil erosion (Pan and Shangguan 2006) , increase regional vegetation carbon sequestration capacity (Yang et al. 2010) , promote sustainable development in local animal husbandry, but research on natural grasslands is still needed (Dong et al. 2012) . In the regions, to study the relationship between biodiversity and ecosystem productivity is of important theoretical significance to conserve and restore grassland vegetations, design grassland system structures and functions and reveal the effects of human activities on grassland vegetation of the Loess Plateau.
Therefore, in order to reveal species composition patterns of typical natural grassland communities in the hilly-gully region of the Loess Plateau, to explore the relations between the species richness and aboveground biomass of natural grassland types in the regions, and uncover possible mechanisms that form the diversity-productivity relations, according to their field data, we investigated species composition, species richness and aboveground biomass characteristics along a succession sequence of four natural grasslands (Artemisia capillaries (AC), Thymus quinquecostatus (TQ), Stipa bungeana (SB) and Stipa grandis (SG)).
ReSULTS

Species composition
The species composition of the four communities (AC, TQ, SB and SG) differed (Table 1) . The four communities had 23, 21, 22 and 25 species, which belonged to 11, 7, 7 and 9 genera, respectively ( Table 1 ). The plant species and family numbers in the TQ community and the SB community were lower than those of the other two communities. Asteraceae, Poaceae and Leguminosae sp. dominated in the populations of the four communities (Table 1 ).
The different communities had different plant life form compositions (Table 1) . The dominant life form of the four communities were the perennial herbs accounting for more than 94% of their total life forms, and the annual herbs accounted for smaller proportions, 1.39, 1.67, 5.94, 5.33%, respectively (Table 1) . The perennial herb species were more than their annual herb species (Fig. 1) .
The photosynthetic type compositions of the communities also differed (Table 1) . The dominant photosynthetic types of the TQ, SB and SG communities were C3 plants, which accounted for more than 58% of their total species; and C4 plants were the dominant photosynthetic types of the AC community, which accounted for 67.84% of its total species (Table 1) . In all the grassland communities, the number of C3 species was higher than those of the C4 species (Fig. 1) .
Species richness
The species richness of the four communities (AC, TQ, SB and SG) were (10.33±0.85), (10.55±0.63), (8.71±0.87) and (12.64±0.91), respectively (Fig. 2) . Only the species richness of the SB community and the SG community significantly differed (P<0.05) (Fig. 2) .
Aboveground biomass
The aboveground biomass of the four communities (AC, TQ, SB and SG) , respectively (Table 2) , and differed significantly between the AC and SG communities (P<0.05); there was also a significant difference between the SB and the SG communities (P<0.01) ( Table 2 ).
The dominant species (A. capillaries, T. quinquecostatus, S. bungeana and S. grandis) of the communities had the largest aboveground biomass (Table 2) . Of the four communities, the families with the largest aboveground biomass were Asteraceae, Lamiaceae, Poaceae and Poaceae (Table 3) , which were consistent with the families of the dominant species. Of the four communities, the aboveground biomass of the perennial herbs were higher than those of the annual herbs, accounting for more than 95% of the aboveground biomasses (Table 3 ). The aboveground biomass of the C3 plants of TQ, SB and SG communities was larger than those of their C4 plants, but the situation for the AC community (Table 3) was the opposite, which was related to the photosynthetic type compositions of the communities concerned (Table 2) .
Relations between the aboveground biomass and life forms and photosynthetic types
Of the communities, the aboveground biomasses were significantly positively correlated with the aboveground biomass of the perennial herbs (P<0.01) ( Table 4 ). The aboveground biomasses of the AC and the TQ community were not significantly positively correlated with the aboveground biomass of their annual herbs (P>0.05) and the aboveground biomasses of the SB and the SG communities were no longer significantly negatively correlated with the aboveground biomasses of their annual herbs (P>0.05) ( Table 4 ). The aboveground biomasses of TQ, SB and SG communities were significantly positively correlated with the aboveground biomass of their C3 plants (P<0.01), but the aboveground biomass of the AC community was no longer significantly positively correlated with the aboveground biomass Table 2 Aboveground biomasses in the four grassland communities and every herb in each community 1)
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T. quinquecostatus community (TQ) Table 4 ). The aboveground biomasses of the AC community and the TQ community were significantly positively correlated with the aboveground biomasses of their C4 plants (P<0.05), and the aboveground biomass of the SG community showed no significant positive correlation with the aboveground biomass of its C4 plants (P>0.05) (Table 4) . However, the aboveground biomass of the SB community showed no significant negative correlation with the aboveground biomass of its C4 plants (P>0.05) ( Table 4) .
Relations between the species richness and aboveground biomass
The four communities did not show any consistent patterns between their aboveground biomasses and species richness (Fig. 3) . Of the four succession sequences, the AC community did not show significant positive linear correlation between its species richness and aboveground biomass (P<0.05); the SB community no longer showed any relations between its species richness and aboveground biomass; and the SG community showed a significant unimodal relation between its species richness and aboveground biomass (P<0.01). For all the plots of the study, the communities showed a significant unimodal relation between their species richness and aboveground biomasses (P<0.01).
DISCUSSION
Comparison between the species composition and richness of the different grassland communities
In this study, along the vegetation succession, different communities had different plant species compositions. This may be because species distribution patterns were (2011) reported that the richness of life-forms showed a clear dominance order starting with annuals, followed by perennial herbs and then woody species; whereas, when plant cover was considered, perennial herbs dominated the entire sequence. And perennial herbs were more competitive as vegetation succession gonging (Alday et al. 2011) . This may be the reason that perennial herbs dominated the communities in our study. At the early stage of the succession (AC community), the proportion of C4 plants was higher than that found in later succession sequences primarily because grassland communities have different species compositions at different successional stages (Wang 2002; Korner et al. 2008) . With the vegetation succession, species richness differed significantly because of different inter-specific competitions. Fierce inter-specific competition can cause the symbiosis among insignificant species and low species richness. In contrast, the weaker the inter-specific competition is, the greater the species richness will be (Bonser and Reader 1995) .
Comparison of the aboveground productivity of the different grassland communities
The function of ecological system is affected by the composition of species (biological character of different species). Plant species composition is an important decisive factor in ecological system stability, productivity, nutrition dynamics and other functions (Bengtsson 1998) . The aboveground biomass of four communities in this study showed significant differences. On the one hand, aboveground biomass in different plants was different; on the other hand, aboveground biomass in different families was also different. This is because plants play the function-determining role in ecological systems, and different species have different characteristics (Huston et al. 2000) . The individual difference of an ecosystem in individual size, nutrition utility, etc., can affect its function (Huston et al. 2000) . Different grassland communities have their specific species compositions, as a result the number of life forms and photosynthetic types in each community was different (Huston et al. 2000) . Thus the aboveground biomasses of their perennial herbs are all larger than those of their annual herbs, and the ratio of aboveground biomass of their C3 and C4 plants was different, so they showed significantly different relations between total aboveground biomass and the aboveground biomass of their functional compositions (annual and perennial herbs, C3 and C4 plants).
Relations between species richness and aboveground productivity
For different community types and under different habitat conditions, the relations between species diversities and productivities perform in many ways (Waide et al. 1999; Mittelbach et al. 2001) . The study found that in the hilly-gully regions of the Loess Plateau, there appeared significant unimodal relations between the species richness and aboveground biomasses for all the grassland communities, and in different succession sequences, there were many relational patterns between species richness and aboveground biomasses. Observation scale is an important reason for diverse relational patterns between species diversity and productivity (Guo and Berry 1998; terHorst and Munguia 2008; Whittaker 2010) . The impacts of observation scale on species diversity-productivity relations are possibly affected by other factors, because the influence of factors on diversity and productivity were different according to the scale of observation. These differences probably lead to different diversity-productivity patterns (Chase and Leibold 2002) . Some research has shown that if a productivity range is small, it will not present a unimodal relation between its species richness and productivity (Chalcraft et al. 2004 ). Guo and Berry (1998) suggested that the linear positive correlation, negative correlation and irrelevances between species richness and productivity observed at small scales are components of the unimodal relations observed at large scales, i.e., the latter are the cumulative results of the former. The study showed that there were linear correlations, unrelated relations, and unimodal relations between the species richness and aboveground biomasses in each succession sequence and the unimodal relations for all the grassland communities. The unimodal relations in all the grassland communities are the accumulation of the linear positive correlation, unrelated relations and unimodal relations in each succession sequence, which supported Guo and Berry's (1998) . The study showed that the AC community presented a linear positive correlation between its species richness and aboveground biomass, which was probably because the community was at its primary succession stage. The linear relation is only a part of the relationship between species diversity and aboveground productivity, and as succession continues, the inter-species competition intensifies and some competing species will migrate or perish, so that the diversity-productivity pattern will transform towards the unimodal relation. At present, there are three explanations for the unimodal relationship: the first one is that high productivity causes high population growth, thereby leading to quick removal of some species by potential competition (Huston 1979) ; the second is that moderate disturbances are the key factor, and the unimodal relationship is not caused by productivity itself, but may be caused by some other disturbance factor paralleling changes with productivity (Abramsky and Rosenzweig 1984) ; and the last one is that the heterogeneity decreased in high productivity environment resources, leading to an increase competive exclusion (Tilman 2000) . Therefore, the highest species diversity occurred at a moderate level of productivity, which is consistent with the findings of Kassen et al. (2000) , and means that high diversity does not ensure high productivity (Jelinski et al. 2011) .
CONCLUSION
Different succession stages had different species compositions as well as different proportions of plant life forms and photosynthetic types, and Asteraceae, Poaceae and Leguminosae were their dominant species as well as their dominant perennial herb species; and different succession stages had significantly different species richness and aboveground biomasses. There were many relational patterns (linear positive correlation, unrelated relations and unimodal relations) between species richness and aboveground biomass at different succession stages. A significant unimodal relation appeared between the species richness and aboveground biomass in all the grassland communities, and the highest species diversity appeared at the moderate level of productivity. The 
MATeRIALS AND MeTHODS
Study area
Located in southern Dingbian County, Shaanxi, China, the study area had a longitude of 10°15´-108°22´E and a latitude of 36°49´-37°53´N, and an altitude between 1 500 and 1 650 m. The area lies in the transitional zone between the Loess Plateau and the desert grassland region of the Ordos, Inner Mongolia, lying at the southern boundary of the Muus Desert, China. The area had gully and hilly landforms and was under the semi-arid temperate continental monsoon climate. In the area, the mean annual temperature was 8. 4°C (1960-2010) , the mean annual sunshine was 2 743.3 h, the frost-free period was 110 d, and the mean annual rainfall was 352 mm , which is mainly distributed in July, August and September. The soil type of the study area was loessial soil. In applied ecosystem research, a common approach in the study of vegetation succession is to monitor plant and soil changes occurring along a vegetative chronosequence developed on similar soils under similar climatic conditions (Bhojvaid and Timmer 1998) . This chronological approach has been widely used (Fang and Peng 1997) and is considered 'retrospective' research because existing conditions are compared with known original conditions and treatments (Li et al. 2007) . Using a substitution of "space" for "time" is an effective way to study changes over time (Sparling et al. 2003; Li et al. 2007) . Sites that have been stabilized by revegetation at different times offer an ideal opportunity to understand vegetation succession processes in extreme environments.
Therefore, according to the vegetation succession sequence, four typical natural grasslands based on the dominant species (A. capillaries (AC), T. quinquecostatus (TQ), S. bungeana (SB) and S. grandis (SG)) were chosen in the study area. Three localities with an area of more than 2 ha were arranged for each grassland community. In the field survey, all plots have similar terrains and soils of the study area. In each locality, five 1 m×1 m plots were arranged along a distance of 100 m, one plot was arranged every 20 m. At last, we investigated 12 localities of 60 plots for the four typical natural grasslands succession sequence, and surveyed the community composition and species numbers and aboveground biomasses in all the plots.
Aboveground biomass measurement
In each quadrat, all the aboveground green plant parts were cut and placed into envelopes which were separated according to species, then, the plant parts were weighed in the field and brought back to lab where they were dried to a constant mass at 65°C and weighed. Given that the samples were large, they were weighed fresh and then only a part of each sample was dried and weighed dry; and then the aboveground biomass of the sample was calculated by the dry weight/fresh weight ratio times the fresh weight.
Measurement method of plant life form and photosynthetic type definitions and species richness
According to their different fundamental physiological and morphological characteristics, plant species can be divided into two life forms, annual and perennial herbs (Foster and Tilman 2000; Alday et al. 2011) and two photosynthetic types, C3 plants and C4 plants (Liu et al. 2004) . The species richness was defined as the total species numbers of each plot (Wu et al. 2009; Wang et al. 2010) .
Data analysis
SPSS17.0 was adopted for data processing and analysis. The best curves with the highest coefficient of determination (R 2 ) were obtained by fitting the curves between species richness and aboveground biomass of the four plant communities. Oneway ANOVA was adopted to analyze the difference of the species richness and aboveground biomass between the four grassland communities. The significant differences between vegetation types were counted based on the means per locality. When significant difference was observed among grassland communities at the P<0.05 level, least significant difference (LSD) Duncan analysis was adopted to carry out the multiple comparisons. Spearman correlation analysis was adopted for the aboveground biomass relationship between community and life form/photosynthetic type in each grassland community.
